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In this issue of Structure, Knapp et al. show that allosteric changes in dimeric hemoglobin are retarded in the
crystal, using time-resolved Laue diffraction. They observe that photo-dissociated carbon monoxide, after
exploring a web of cavities, rebinds to the heme before it has a chance to exit the protein.Proteins wobble considerably, especially
when at work. Today, the intricacies of the
structure-function-dynamics trio stimulate
intense research, facilitated by the devel-
opments of ever smarter methods such
as NMR spectroscopy, computer simula-
tions, or kinetic crystallography (Bourgeois
and Weik, 2009; Henzler-Wildman and
Kern, 2007). Time-resolved Laue diffrac-
tion, in particular, is an amazingly sophisti-
cated approach that emerged after heroic
efforts by Keith Moffat and his colleagues
(Srajer et al., 1996): there, the most
advanced laser and synchrotron X-ray
beams are combined in pump-probe
sequences to unveil photo-activated pro-
tein dynamics at near-atomic scale and
with subnanosecond time-resolution. The
technique has been widely applied to
myoglobin (Mb), ‘‘the hydrogen atom of
biology,’’ and a well-known model system
for studying protein structural dynamics,
thanks to its small size, robustness, and
convenient light-sensitivity. Ligand-binding
dynamics in Mb has been found to be
exceedingly complex, though, leading
Hans Frauenfelder to quote the protein as
a ‘‘paradigm of complexity’’ (Frauenfelder
et al., 2003). While myoglobin dynamics
continues to puzzle, Knapp et al. (2009)
have embarked on a far more complex
quest: deciphering the mechanism of
cooperative ligand binding in hemoglobin,
the well-know allosteric myoglobin cousin.
It has been known for a long time
that crystals of human hemoglobin (Hb)
shatter upon exposure to oxygen, as the
crystal lattice cannot withstand the large
quaternary structural change leading
from the low-affinity tense (T) state to the
high-affinity relaxed (R) state (Perutz,
1953). To get around this problem, Knapp
et al. turned their attention to dimeric
hemoglobin (HbI) from a clam, whichdisplays a simpler and radically different
mechanism of cooperativity. The allo-
steric switch in HbI entails prominent
tertiary structural changes in the heme
vicinity and only a minute quaternary tran-
sition well accommodated by the crystal
lattice (Knapp and Royer, 2003).
In Mb, large bodies of data have sug-
gested that the oxygen ligand enters and
leaves the protein primarily via the ‘‘histi-
dine gate,’’ next to the heme iron (Perutz,
1989). Swinging of the distal histidine
(His64 in Mb) indeed transiently forms
adirect channel between thehemepocket
and the solvent, providing an obvious
communication port. Surrounding the
heme, the protein matrix also encloses
a web of ‘‘holes,’’ a rather surprising
feature in view of Mother Nature’s aver-
sion for void. These hydrophobic, thermo-
dynamically expensive cavities have
therefore been tracked for functional roles
(Brunori and Gibson, 2001). They have
been proposed to increase ligand affinity
by a buffering effect, to have a role in puta-
tive enzymatic functions, or to participate
in alternative backdoors.
How does the ligand migrate around in
HbI? What are the roles of cavities and
what is the interplay with HbI allostery?
In this issue of Structure, Knapp et al.
(2009), in followupof their pioneeringstudy
(Knappet al., 2006), tackle thesequestions
by employing time-resolved Laue diffrac-
tion complemented by high-resolution
static crystallography and computational
analysis.
The authors first spotted the cavities in
wild-type HbI by filling them with Xenon.
This electron-rich gas, prominently visible
in crystallographic structures, revealed
three main sites, confirmed by computa-
tional studies, that are quite similar to
those seen in myoglobin. The most inter-Structure 17, November 11, 2009esting part of the work comes in the time-
resolved experiment: carbon monoxide,
initially bound to HbI in the R-state, is
kicked off the heme iron by a nanosecond
laser pulse, and starts moving around like
a flipper ball through the web of cavities
until it rebinds the heme. The CO visits
the ‘‘B’’ site near the bound position, the
‘‘Xenon4’’ pocket above the heme (on
the distal side), and the ‘‘Xenon2’’ pocket
on the edge (Figure 1). The key observa-
tion comes from a quantitative evaluation
of the data—a challenge considering the
rather limited signal to noise ratio in such
experiments, contrary to what is observed
in solution, CO never manages to escape
the crystalline protein, being apparently
enmeshed in the web of cavities until re-
binding. Blocking the Xenon4 cavity with
dichloroethane (an organic halide that
turns out to fortuitously bind there in
some experimental conditions) does not
change the finding. These observations
are in strong contrast tomyoglobin, where
most CO molecules eventually get out of
the crystalline protein and rebind at a later
time via a bimolecular process.
The origin of this difference betweenMb
and HbI in crystallo, quite naturally, must
be searched in the allosteric nature of
HbI. The histidine gate in HbI (His69) is
located right at the dimeric interface and
is even involved in an intersubunit inter-
action (Figure 1). The authors thus suggest
that the opening of the gate is controlled
by tertiary and quaternary structural
changes at the interface, and that these
changes are hampered in the crystal.
More precisely, the crystalline lattice, like
a highly viscous medium, slows down
large conformational changes (but do not
hinder them (Knapp and Royer, 2003)), to
the point where they cannot occur before
geminate-ligand rebinding, effectivelyª2009 Elsevier Ltd All rights reserved 1427
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PreviewsFigure 1. View of the Histidine Gates and Cavity Networks in Dimeric Hemoglobin HbI (Left) and in Myoglobin (Right)
In HbI, the unusual assembly of the globin chains brings the E and F helices, and the histidine gate (red) right at the dimer interface, rather than being exposed to
bulk solvent (blue waves), as in Mb or human hemoglobin. Ligand migration through the various docking sites (yellow) is highlighted with arrows (note that the
Xenon1 pocket is not visited in HbI). In the HbI crystal, the stiff milieu retards large scale tertiary and quaternary structural changes, so that photo-dissociated CO
(orange) rebinds to the iron before it has a chance to escape into solvent.quenching theallosteric transition.Despite
this crystal bias, the authors argue that
the distal histidine is probably the main
gate in HbI, like in Mb or Hb. This view is
indeed convincing, considering that the
dimer interface in HbI, filled with water
molecules, is rather fluid so that the ligand
probably diffuses in and out relatively
easily (Nienhaus et al., 2007).
Yet, allostery in HbI has not revealed its
full mechanism. This is not only because
of ‘‘crystal quenching,’’ but also because
an accurate view of allostery would require
acting on only one monomer (e.g., by CO
photolysis) and watching how structural
changes propagate to the other. Instead,
what has been done so far is to deligate
CO in both monomers simultaneously,
generating two counter-propagating allo-
steric waves. Perhaps proper mutations
or metal-hybrid variants could help intro-
ducing the needed asymmetry in future
studies.
A further difficulty stems from an obser-
vation commonly made in homo-multi-
meric protein crystals: structural plasticity
plays with crystal lattice forces so that
subunits normally identical in solution
subtly differ in the crystal. This effect
occurs in HbI crystals (the CO migration1428 Structure 17, November 11, 2009 ª20patterns differ in the twomonomers), com-
plicating our understanding of allostery. In
passing, such stabilization of functionally
diverse states that marginally differ struc-
turally poses a puzzle in the frame of the
widely accepted conformational land-
scape theory (Frauenfelder et al., 1991).
Outstandingprogresshasbeenachieved
in time-resolved X-ray crystallography in
the last decade, opening the door to the
studyof complexprotein photocycleswith
ever more accurate data, possibly com-
plemented by simulations and by ultrafast
in crystallo spectroscopy (e.g., Raman).
Time-resolved wide-angle X-ray scat-
tering (Cammarata et al., 2008) or future
single-molecule diffraction using X-ray
free electron lasers are also extremely
promising developments that remove the
requirement for crystals and could revolu-
tionize the field. The present study of HbI,
therefore, is just a beginning. Surely, pro-
tein dynamics will keep us busy for a
long time!
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